Distributed fiber sensing based on Brillouin gain scattering (BGS) principle is a useful way to develop devices capable to measure temperature or/and strain in optical fibers. New effects or technologies that could achieve a larger distance and/or a better spatial resolution are a topic of special interest in this fiber sensing area. The influence of the probe-pulse shape in the interaction between the pulsed light and the continuous wave laser in a pump-probe system is presented. The purpose of this study is to improve the spatial resolution of the measurement without losing stability in the BGS. Also it is showed how the backscattering Brillouin gain is affected by inducing variations on the final value of the BGS intensity; this effect is illustrated by using an experimental set up based on the Brillouin optical time-domain analysis (BOTDA). Theoretical analysis of the probe pulse in the Brillouin shift and intensity value using triangular, sinc and saw tooth shapes around the medium phonon life time (~10ns) are presented; as well as the experimental results and possible applications are explained.
INTRODUCTION
Since the Brillouin scattering was for the first time proposed for sensing [1] many works have been presented to realize temperature or strain sensing using fiber optics technology [2] . An appropriate continuous pump light, through the electrostrictive mechanism, can cause fluctuations in the core of an optical fiber, which induces the non linear Brillouin backscattering effect [3] . By using a shift light as a probe signal, this effect is successfully employed to develop distributed sensing of temperature and/or strain along a fiber, since the Brillouin frequency ν B is function of these two parameters. Both spontaneous or Stimulated Brillouin scattering can be used in the construction of distributed sensors [4] .
The pump and probe lights are generated from the same light source, this method avoids the usage of tunable lasers and problems of stability; the signals are obtained by splitting the source light via a 3 dB coupler, one of its branch is modulated using an electro-optic intensity modulator, when the modulation frequency matches the Brillouin frequency, ν = ν B, the non linear Brillouin effect reaches its maximum gain, which is determined by monitoring the dependence of the power transfer from one light wave to the other on ν. In a stimulated Brillouin scattering process a pulsed pump wave and a counter propagating probe wave interact.
In distributed sensors the spatial resolution is one of the most important parameters. In stimulated Brillouin sensors the spatial resolution can be determined by the interaction length between pulse and CW lights, which is half the pulse length. If the CW's frequency is higher than the pulse's frequency, power is transferred from the CW to the pulse. If this light has a lower frequency, the power would transfer from the pulse to the CW light. The first configuration is referred as the loss process since the CW light loses power, the second as the gain process because of the CW power gain [3, 5] .
Spatial resolution is achieved by using a pulsed and continuous-wave (CW) light source. The spatial resolution is equal to the interaction length between pulse and CW lights, which is half the pulse length.
This work studies theoretically the interaction between the pulse and the probe light wave, where the pulse shape is different to the typical square pulse. The interaction with sinc, triangular and saw tooth pulses are studied to analyse the accuracy of Brillouin measurements and the possible shape effects by using more realistic pulses generated in laboratory.
THEORETICAL MODEL
The description of the SBS process in optical fibers must consider mutual interaction between the pump and stokes waves, for a cw or quasi-cw pump. The steady state coupled-intensity equations for a slowly varying amplitude approximation of the interaction between the scattering and light fields can be expressed as follows [3, 5] :
where the i index (1 or 2) denotes the intensity of the pump or scattering light waves, α is the fiber attenuation coefficient and g B is the Brillouin gain factor. The sign for g B is negative for a Brillouin gain process and positive for a Brillouin loss process. The Brillouin spectral width is related to the damping time of acoustic waves or the phonon lifetime.
In this case the acoustic waves are assumed to decay as in the coupled equations (1), hence the interaction can be write as
where the integration area starts at the fiber length L and ends at the begin of the pulse wave. Hence it is consider the region of the optical fiber where the pulse and pump waves interact; for the system in which both the gain and loss process occur, the total probe light power as a function of distance within the fiber can be expressed
, where the first term on the right-hand side is the power for the gain process and the second term is the power for the loss process and A eff is the effective fiber core area. In order to use a single laser source, the probe light wave is modulated at a fixed frequency using an external modulator, the modulation gives rise to new frequency lines in the optical spectrum, the so-called modulation sidebands. For pure intensity modulation, the obtained spectrum is symmetrical around the incident light wave frequency and the new lines are equally spaced in frequency. When the modulation frequency is equal to the Brillouin frequency shift ν B , the firstorder sidebands can interact with the incident light wave through SBS process, provided propagations in opposite directions. Pulses show a maximum power and a minimum power different to zero, this situation is caused by the non perfect modulation, but if it considered that the pump light has no pulse base or that it is neglected respect to the pulse top, the probe light would interact only with the highest part of the pulse, see Figure 1 . 
EXPERIMENTAL SETUP
A DFB laser at 1533.6 nm with an internal electro-absorption modulator is used as light source, its output is split by a coupler, one branch is amplitude modulated by an electro-optic modulator (EOM) to generate pulses, and then it is amplified by an erbium-doped fiber amplifier (EDFA) and used as the pump light which is launched into the testing fiber. When a single-frequency light wave is modulated at a fixed frequency fm using an external modulator, the modulation creates new frequency lines in the optical spectrum, the so-called modulation sidebands. For pure intensity modulation, the obtained spectrum is symmetrical around the incident light-wave frequency ν0, and the new lines are equally spaced in frequency by fm. When the modulation frequency fm matches the Brillouin frequency νB, the light wave at frequency ν0 − fm, which are the sidebands, can interact with the incident pump light wave at frequency ν0 through the Brillouin gain process. In contrast, the light wave at frequency ν0 + fm, the upper sideband, amplifies the pump light through the Brillouin loss process [1] .
The BGS is found by sweeping the modulation frequency. In-line isolators were inserted inside the loop to avoid interference. The BGS was measured by sweeping the modulation frequency fm in the vicinity of the Brillouin frequency νB and by detecting the optical power of the probe light using a photo-detector. The output signals of the photo-detector were acquired by a spectrum analyzer. The experimental setup is showed in Fig 3. 
SIMULATION AND EXPERIMENTAL RESULTS
Simulations have been developed by using different pulses, which interact with the backscatter light, those pulses are: square, sinc, triangular, saw tooth and inverted saw tooth, see According to the theory previously described, it is possible to note that the best response in Brillouin gain is obtained with the square pulse, which presents an integration power area ( Fig. 1 and 2 ) greater than the other shapes of similar pulse conditions of pulse top and pulse width power. But the pulse shape that really acts in an experimental set up looks more like a triangular, saw or sinc pulse; where the accuracy of the measurement is influenced both by the total interacting power and the spatial resolution. This situation depends on the pulse generator accuracy and its performance; thus it is convenient to simulate the variation of power and pulse width around phonon lifetime to analyze BGF using these pulse shapes. For a variation of pulse shape BGF presents a better response when the interaction is due to a saw pulse (see Fig 4.a) . This gain is enlarged and rapidly achieved when higher amounts of incident power are used. If the study is made for constant pulse width fixed at phonon lifetime of 10 ns and the power is changed around a constant value, the BGF response is similar to the pulse width analysis which presents an increment that depends on the power and the Brillouin threshold (see Fig 4.b) . The best response is presented when the pulse has more power into the interaction area. It is important to note the adequate selection of frequency and power, in order to obtain accuracy in the experimental results. Once the experimental setup and the optical fiber were characterized, it is possible to start with paper's idea, of changing power and pulse width of probe signal. To achieved the experimental purpose, it has to replace the pulse generator by an arbitrary wave form generator, this device is programmed to produce saw, triangular and square pulses, when pulses around 10 ns are analyzed with an oscilloscope, it is observed that the pulse seems to a sinc function more than a perfect square step, of course, this situation depends on the wave generator accuracy.
Consistent with theoretical analysis, for variations of pulse shape, experimental BGF presents a better response when the interaction is due to a saw pulse, see fig. 6 ; similar results have been obtained theoretically ( fig. 4 ) when the gain is enlarged and rapidly achieved by using higher amounts of incident power. For constant pulse width fixed at phonon lifetime around 10 ns and changing power above the threshold value, experimental BGF response is similar to theoretical pulse width analysis which presents an increment that depends on the power and the Brillouin threshold, see Fig 7. The best response is presented when the pulse has more power into the interaction area. The received power depends on the amount of time applied to carry out the interaction between the light and the sound waves which are generated by the high power concentration in the fiber core. Then, in order to obtain accuracy in the measurement of BGF it is important to select a set of power and pulse conditions of saw tooth pulse to obtain similar results to a square pulse, thus this system could allow better approximation and sensitivity of temperature and/or strain measurements. 
CONCLUSIONS
The behavior of BGF when a pump field and different pulse shape fields interact in an optical fiber system was analyzed and studied theoretically and experimentally in this paper. The results show that the interaction depends on the total amount of power involved during the nonlinear process. Since experimentally pulses are not perfectly squared, it is important to use pulses that present a better approximation, in order to improve the spatial resolution results.
Experimental results fit correctly to simulations and they are consistent with the experimental results reported in fiber sensing papers, which verifies properly the theoretical approach consider in this work. The most important result of this experiment is that it is possible to use other pulse shapes like saw tooth to get similar results in Brillouin gain measurements. It only requires to meet a set of power and pulse conditions of saw tooth pulse close to its square pulse equivalent on power. An improvement on the spatial resolution could be achieved if the power is increased and the pulse width reduced for sinc or saw pulses.
The measurement of temperature by Brillouin back scattering process in an optical fiber, depends on the distance and the step which test every part of the fiber, thus by using this kind of pulse shapes (saw, sinc or triangular pulses) it is possible to obtain better data for the same pulse width than the traditional square pulse under special circumstances.
The importance and the accuracy of this fiber technique make possible its utilization in extreme environmental conditions, additionally it is suitable for controlling temperature or/and strain variables in systems where it is necessary to avoid complexity in sensor connections and accessibility.
